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The large internal friction peak observed in a 
l0Li 2o·lONa20·80Si02 glass was studied as a function of 
the degree of phase separation. Transmission electron 
microscopy was used to evaluate the type and degree of 
ph.:1se separation. No observable changes in the temper-
ature position or height of the internal friction peak 
were observed at successive stages of ph~se separation. 
Phase separation of a mixed alkali borosilicate glass 
also produced no changes in the internal friction peaks. 
Phase separation is not considered responsible for the 
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I. INTRODUCTION 
Phase separation has been obse rve d in both mixed alkali 
silicate(l, 2 ) and alkali borosilicate glasses, ( 3 , 4 ) The se 
glasses also exhibit an unusually large internal friction 
ak (5,6) pe . 
After combining his data wi t h that of Mazurin a nd 
Borisoskii, ( ?). Charles sugge sted that the difference in 
electrical resistivity for several mixed alkali silicate 
glasses was related to the varying degrees of phase sepa-
ration . (S) Charles concluded that phase separation was 
1 
an integral part of the mixed alkali effect in these glasses. 
The large internal friction peak exhibited by mixed 
alkali glasses would be expected to be sensitive to phase 
separation if, indeed, phase separation is an integral part 
of the mixed alkali effect . In this work, two different 
mixed alkali glasses were progressively heat treated to 
produce increasing degrees of phase separation . Internal 
friction measurements , at each heat treatment stage, were 
used to detect any possible dependency betwee n the character-
istics of the mixed peak and the degree of phase separation. 
For each glass composition, the same specimen was used for 
both the cumulative heat tre atments and respe ctive internal 
friction measurements in order to obtain a direct correlation 
between the mixed alkali peak and degree of phase s e paration. 
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II. EXPERIMENTAL PROCEDURE 
Listed in Table I are the batch compositions for glasses 
prepared from reagent grade Li 2co 3 , Na2co 3 , H3Bo 3 and potter's 
flint (99.98% Si02 ). The glasses were melted in platinum 
crucibles in an electric furnace open to the atmosphere. 
Approximately 0.03 wt. % Nai was added to promote fining. 
After melting _at l550°C for several hours with periodic stir-
rings, the bubble free glass was poured into a !:r" x ~" x 6" 
stainless steel mold. The borosilicate compositions, being 
less viscous, were melted at 1300°C without the Nai addition. 
Forster's( 9 ) method was used to determine the internal 
friction of a free-free bar vibrating in flexure. In this 
technique, the rectangular glass bar is freely suspended 
horizontally from two loops of fused silica thread located 
close to the vibrational nodes. A block diagram of the 
apparatus similar to that used by Wachtman and T~fft(lO) 
is shown in Figure 1. The specimen and furnace were enclosed 
in a vacuum chamber to reduce air damping. Liquid nitrogen 
was used to cool the specimen below room temperature. El-
evated temperatures were obtained with nichrome wire heating 
elements. The temperature of the specimen was determined with 
a Chromel-Alumel thermocouple embedded in a glass bar of the 
same dimensions as the specimen. The temperature difference 
over a 6" zone averaged 4°C below room temperature and l°C above 
room temperature when the chamber was heated at l-2°C/min. 
The resonant frequericy of each specimen was determined 
by varying the driving frequency until the height of the 
Lissajous figure displayed on an oscilliscope was a maximum. 
The internal friction was calculated from the number of 
decaying attenuated wave cycles occuring between known 
amplitude limits according to the equation: 
-1 1 Q = ln (Au/1T,) ( 1) 
nTI 
Q -1 = Internal Friction 
n = Number of Cycles 
Au = Upper Amplitude Limit 
Ar. = Lower Amplitude Limit 
Transmission electron microscopy was used to determine 
the character of the phase separation in each glass. After 
each heat treatment small chips were removed from the specimen, 
chemically etched in both a 0.5% HF solution and a 30% HCl 
solution, rinsed in distilled H2o, dryed and mounted between 
two grids. The chips were scanned and micrographs were taken 
of the extremely thin edge areas. This method gave a more 
realistic three-dimensional representation of the structural 
features of the phase separated glasses than replication 
techniques . 
Additional details for the internal friction measurements 
and electron microscopy procedures are given in Appendices 
I • , I I. , and I I I . 
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III . RESULTS 
A. Mixed Alkali Silicate Glass 
Internal friction curves for the 10Li20·lONa2o · 80Si02 
glass with varying degrees of phase separation are shovm in 
Figure 2. Since this glass contains equal amounts of each 
alkali, only one large mixed alkali inte rnal friction peak 
is observed . (ll) The height of each peak has been corrected 
for background l osses by subtracting a calculated background 
from the experimental curve. The background was obtained 
4 
with the computer by fitting a tenth order polynomial to data 
points where no energy absorption was evident due to the 
specimen. Table I contains the heat treatment schedule used 
t o produce the varying degrees of phase separation shO\•m in 
Figure 3 . The average dimensions of the silica rich phase 
0 (dark regions) were i nitially less than 150A but grew to more 
0 
than 1200A by the fifth heat treatment. The sixth heat treat-
ment placed the g l ass out of the immiscibility dome , such th a t 
the large two phase regions present after the fifth heat treat-
ment were dissolved. This wide range of phase sepa ration had 
no observable effect upon either the peak height or tempera-
ture position (Table II). The area under the mixed peak had 
a maximum variance from the arithmetic mean which did not 
exceed 3% for any heat treatment. 
The phase sepa~ation observe d in the present work coin-
cides with that reported by Moriya , ~arrington , -and Douglas(l) 
for the same glass with s i milar heat treatments. From acid 
5 
etching techniques they also concluded that the dark regions 
visible in the transmission electron micrographs are a silica 
rich phase. The silica rich phase appears as the darker phase 
on the positive print since it has the greater electron den-
sity and, therefore , has more resistance to penetration by the 
electron beam. 
B. Borosilicate Glasses 
These glasses were investigated since the volume per-
centage of the silica rich phase (50%} was much greater than 
the 3% in the silicate glass . 
Shelby and Day( 5 ) have reported that when a second 
alkali is added to a silicate glass the alkali peak shifts 
to higher temperatures and becomes smaller, while the mixed 
alkali peak increases in magnitude. The curves shown in 
Figures 4 and 6 , also corrected for background losses, clearly 
illustrate this change in internal friction when sodium is 
replaced by lithium. 
The transmission electron micrographs in Figures 5 and 7, 
show that the phase separation in glasses B and C ranged from 
0 0 
250-800A and 80-1300A, respectively. Haller , viagstaff and 
Charles( 4 ) reported that the silica rich phase of phase 
separated glass with a composition very close to that of 
Glass c contained less than 0.5% alkali and from 1-5% by 
The majority of the alkali ions, therefore , 
are in an alkali borate phase in both glasses. 
The peak temperatures and heights above background listed 
in Table II show that the degree of phase separation produced 
no changes in the alkali or mixed alkali peak . Glass Cl was 
6 
chilled and, therefore, exhibited a larger alkali internal 
friction peak. The reduction in peak magnitude following 
1 . h b t d . 1 . t d' (12,13,14) annea lng as een repor e ln severa preVlOUs s u 1es. 
An attempt was made to selectively dissolve the alkali 
borate phase from specimen B2 with concentrated HCl saturated 
With the solution of the alkali borate phase, 
the magnitude of the mixed peak was expected to decrease, 
thereby establishing that the mechanism responsible for the 
mixed alkali peak operates in the alkali rich region of the 
phase separated glass. The leached glass, however, did not 
posses adequate structural integrity to be used for measure-
ments in the sonic damping apparatus. 
Appendix IV contains the uncorrected internal friction 
curves for all the glasses studied. 
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IV. DISCUSSION 
No new internal friction peaks were observed as the 
g l asses used in this study were progressively phase s eparated . 
Mazurin , {l5 ) however, reported an internal friction peak 
which he attributes to phase separation in a 3.9Na20·31.2B2o 3 . 
64.9Si02 (mole %) glass . This peak, which was observed only 
in a phase separated specimen , occurred at approximately 
475°C when measured at a frequency of 0.25 Hz. At a frequency 
of about 2400 Hz , which was used in this study , this peak 
would appear between 900-2100°C, assuming an activation energy 
of 20-40 K. Cal . /mole . In the present study it was impossible 
to measure the internal friction above 600°C because of the 
h igh background losses. Therefore , a new peak related to 
phase separation may not have been detected. 
Phase separation, which obviously changed the distribution 
of the ions in the three gla~ses studied , produced no changes 
i n t he alkali or mixed alkali peaks. Redwine and Field, (l6 ) 
while studying the effect of microstructure on the physical 
properties of various sodium silicate glasses , obtained 
i nternal friction data which showed no observable dependence 
of either the alkali or nonbridging oxygen peaks on the degree 
of phase separation . In a 12 . 6Na2o·87.4Sio2 glass , the phase 
separati on ranged from an interconnected type to that con-
0 
taining silica rich droplets more than 2500A in diameter . 
This range in the dimensions of the separated phases is 
comparable to that produced in the glasses used in the present 
study. Day and Rindone( l 4 ) observed that the alkali and 
nonbridging oxygen peaks of a Li 20 · 2.75Sio2 glass did not 
change with prolonged heat treatments in which lithium 
8 
d isilicate nuclei were known to be forming . The two peaks 
did not change until crystallization of the glasses commenced . 
Apparently, the mechanisms responsible for the alkali and 
mixed alkali peak are unaffected by the distribution of the 
·constituent ions so long as the system remains amorphous. 
Since internal friction measurements have demonstrated 
a high sensitivity to small changes in composition for mixed 
alkali glasses , (5 , 6 ) it is considered very unlikely that even 
small effects produced by phase separation would not h ave been 
detected. Replacement of sodium by only 0 . 005 mole of lithium 
i n a Na20 · 3Si02 glass produces an easily measured change in 
the internal friction. (5 ) Small changes in the total alkali 
content of a mixed alkali glass are also easily detected with 
internal friction measurements. The height of the mixed peak 
for several ~xed alkali silicate glasses with a Li+/Na+ = 1 
i s given in Tab l e III. A change in the total alkali content 
of only 5% produces a 45 % change in the height of the mi xed 
alkali peak. 
I t h as been established that for a glass to exhibit the 
large internal friction peak commonly called the mixed alkali 
p eak it must contain unlike alkali ions . (6 ' 8 ' 14 ) There also 
exists evidence that several mixed alkali glasses which 
possess no detectable phase .separation still exhibit the ·mixed 
peak. ( ll) The mechanism which is responsible for the mixed . 
alkali peak apparently depends on the presence of unlike alkali 
ions, but not on phase separation, which changes their micro-
scopic distribution throughout the glass. The absence of a 
phase separation induced change in the alkali peak, which 1s 
universally attributed to the stress induced movement of 
lk 1 . . (17,18,19) 1 1 d . a a l 1ons, a so en s support to th1s assumption. 
The lack of a mixed peak dependence upon phase separation im-
plies that the number of relaxation units is independent of 
their microscopic distribution. The activation energy of the 
process apparently also remains essentially constant, other-
wise the temperature of the mixed peak would have varied dur-
ing the phase separation procedure. These observations are 
consistent with the mechanism for the mixed alkali peak pro-
posed by Shelby. (ll) The mechanism involves pair interactions 
between unlike alkali ions so as to form an elastic dipole. 
This coupled ion motion takes place over short distances and 
may be the readjustment of the unlike ion pairs between pre-
ferred positions around the nonbridging oxygen ions. If it is 
assumed that the movement of the unlike ion pair is small com-
0 
pared to the initial size of the phase separation (lOOA) then 
separation on a larger scale need not necessarily change the 
concentration of relaxation units. Similarly, it is not neces-
sary to assume that the ion couples be uniformily distributed 
throughout the glass, but only that the concentration of ion 
couples be independent of their distribution. Thus, the phase 
separation procedures employed in this study are considered to 
have changed only the distribution of ion-couples and not 
9 
their concentration, since the concentration of ion-couples 




Different degrees of phase separation produced no changes 
in the large internal friction peak exhibited by either a 
mixed Li-Na silicate of Li-Na borosilicate glass. The mech-
anism responsible for the mixed alkali peak was unaffected 
by the degree of phase separation produced in these glasses. 
It is concluded, therefore, that phase separation is not a 
satisfactory explanation for the mixed alkali internal friction 
peak. 
D R IV ER PI CK U P 
\\\\\\\\ ~\\\\\J \\\\\\\\ 
r SPECIM EN l 
~"''''' ' '''''''''' ,, -~ f\ FURNACE AND COOLI N G CHAM BER 
'' ,, \ \'1.\.\'1.'1.'1.\\\\'1.'1.,, 
POWER CONTROL "PIC K UP 
---
-
AMPIFIE R CONS 0 l E A M PIFIER 
FREQUENCY 
OSCIL LATOR - OSC ILLOSC O PE 
COUNTER 
Figure 1 . Block Diagram of Apparatus for Dynamic 
Measurement of Internal Friction of a Free-Free 




·r 22. 0.~ 
I 
... 











en 1 t1 . oi l.JJ 
:-=. I 1--t 1 




u 10. 0.( 
1--1 I a: T LL 8.0 
_j y I a: 
T z 6.0 CL ·~ w I !-







0. 0 J 
-1 00.0 0.0 
Figure 2. Internal Friction of Glass A; 
1st, 4th ~~d 6th Heat Treatment Stages 
--STAGE 





100. 0 200.0 300.0 - LlOO . 0 
TEMPERATURE DEGREES CENTIGRADE 
PEAK 
FREQUENCY 
2386 '..! ~ I 1 .... 
2381 '' z n 
2050 Hz 













Figure 3 . Transmission Electron Micrographs for 
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Figure 5 . Transmission Electron Micrographs for 
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Figure 7. Transmission Electron Micrographs for 
Cumulative Heat Treatments of Glass c . 
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Table I . Glass Compositions and Heat Treatment Schedules 
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0.5l i20 ·0.5Na20 ·4.0Si 0 2 
0.5li 20·0.5Na20·3.0Si02 * 
0.5l i20·0.5Na20· 2.0 S i 0 2 ** 













GLASS & HEAT TREATMEt'-!T SOLUTIOr~S (sec) 
~ 0.5°/o HF 60 
Al-A3 t20.0% HCI 30 
{ 0.5% HF 30 
A4-A6 20.0 ~o HC I 15 
{ 0.5% H F 60 
Bl-B2 20.0 o/o HC I 30 
Cl- C3 II II 
Table IV. 
CheiT~cal Etching Procedure for Electron Transmission Samples 
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SPECIMEN PREPARATION AND HEAT TREATMENT 
I . Batch Preparation and Melting 
The glasses listed in Table I were prepared from reagent 
grade Li 2 co 3 , Na2co3 , H3Bo 3 and -390 mesh potter ' s flint 
(99.98% Si02 ) . After weighing , the batches were dry mixed 
in a tumbler mixer for a minimum of six hours. The glasses 
were melted in platinum crucibles in an electric furnace open 
to the atmosphere . 
Due to the high viscosity of the silicate glass, a 
special procedure was used to improve fining . Haftner( 20) 
advised adding 0.03 wt . % Nai to the batch prior to charging. 
Charging was not started until the crucible was at the de-
sired melting temperature (l550°C). Each additional charge 
was not added until the melt was observed to be bubble free. 
This reduced the distance which bubbles had to rise before 
escaping. Each melt was stirred several times during melting 
with a fused silica rod to insure homogeniety. 
Since the alkali borosilicate glasses were less viscous 
they did not require the Nai addition and were melted at 
approximately 1300°C. 
II. Sample Forming and Annealing 
When fining and homogenization were complete the melt 
was poured into a stainless steel mold preheated to approx-
imately 200°C. The mold consisted of a flat base plate, a 
two-part frame forming a rectangular chamber with 6" 
26 
inside dimensions , and a heavy top plate. The top plate 
was used to press the glass in the mold imme diately after 
filling . The _ glass bar was quickly extracte d from the mold 
and placed in a furnace , preset to approximately 300°C . The 
furnace was then turned off and allowed to cool slowly to 
r oom temperature . 
Each specimen was annealed prior to trimming and final 
grinding. A polariscope was used to check the annealed 
samples. 
III. Phase Separation Heat Treatments 
27 
Each specimen was preheated in a small electric furnace 
prior to transferring it to the heat treatment furnace . This 
furnace was an electric furnace with a maximum temperature gra-
dient of 2. 5° C along the specimen ' s length . After the alloted 
heat treatment time , the specimen was trans ferred to the smaller 
furnace , preset to 300°C . The furnace was then turned off 




I. Measurement Procedure 
After adjusting the audio generator to the resonant 
frequency of the specimen, the amplitude discriminators of 
the control console were set and the driver turned off . The 
oscilliscope ' s storage mode was used to insure that no 
external mechanical vibrations or electrical noise inter-
ferred with the attenuated sinusoidal wave signal . If the 
pattern was free of external interference the value of n 
(Eq. l) displayed by the counter was recorded. This pro-
cedure was repeated for each inte rnal friction measurement. 
Some general operational guide lines for the sonic 
apparatus are given below. 
1). For a ~" x !:i" x 5" sample , 13" suspension 
loops were used. This length minimized any 
parasitic vibration of the loops. 
2). The magnitude of the pickup signal and back-
ground height are ·directly proportional to 
the distance between the suspension threads 
. ( 10) 
and the nodal po1nts. For the previously 
mentioned sample size, the loops were located 
!:i" from each end of the bar. This location 
gave a good compromise betvleen the background 
level and the amplitude of the pickup signal . 
3) • The pickup signal displayed on the oscil-
liscope was set at 12 volts peak-peak. The 
upper and lower amplitude discriminators were 
set at 10 and 0.2 units , respectively . This 
gave the greatest number of counts (n) and 
prevented any of the stray impulses which 
are present immediately after the driver is 
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turned off from being counted. If possible, 
these settings should not be changed during 
the measurement. 
4). The 12 volt peak-peak amplitude should be set 
in the following manner only after the vacuurr. 
is below SO~ Hg. 
a) Set the preamplifier ' s treble 
control to the neutral position. 
b) Increase the driver voltage control 
~til the Lissajous figure displayed 
on the oscilliscope begins to distort 
(becomes squared off at the top or 
bottom) . 
c) Reduce the driver voltage control 
approx~mately 0 . 5 units. 
d) The volume control on the preamplifier 
should then be adjusted to give the 
desired 12 volt peak-peak amplitude . 
S). Since the amplitude of the pickup signal de-
creases as the internal friction increases , 
for a constant driver voltage , it is necessary 
to increase the volume control to maintain a 
constant amplitude . The treble control can be 
turned clockwise to gain additional amplification. 
The driver voltage control should be changed only 
when absolutely necessary. 
II . Sam~le Environmental Control components 
Tem~eratures of approximately -150°C were obtained by 
circulating liquid nitrogen between the double walls of the 
stainless steel furnace chamber. Nichrome wire resistance 
elements were capable of producing temperatures above 650oc. 
The temperature gradient over a six inch region never 
exceeded l0°C with an average of 4°C for the range - 100°C 
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From 25°C to 550°C the gradient never exceeded 4°C 
with an average of l°C. A heating rate of between 1 and 2°C/min. 
was used for all measurements. 
Since the system was under vacuum and the sample was 
large compared to a thermocouple bead, there was a significant 
difference in the indicated temperature of the sample and 
the thermocouple. The sample temperature lagged the value 
indicated by a bare thermocouple placed next to it by as much 
as 2°C up to a temperature of approximately 55°C; for a heating 
rate of l-2°C/min. From 65°C to 500°C the thermocouple lagged 
the sample by l.5°C at 65°C to a maximum of 24.5°C at 500°C. 
The sample temperature was obtained from a thermocouple embedded 
in the center of a glass bar of the same dimensions as the 
sample. This technique was considered to give a more accurate 
measure of the true temperature of the sample. 
Enclosing the suspension system and furnace in a vacuum 
chamber reduced the effect of air damping. vJach tman and 
Tefft(lO) reported that an internal friction measured in a 




Transmission electron microscopy was used to exami ne the 
phase separation present in each glass. This technique has 
several advantages over conventional replication methods . 
I t gives a more realistic three·-dimensional representation 
of the phase separation , allovls better characterization o f 
very slight degrees of phase separation , does not significantly 
alter the glass bar being examined , and reduces the sampling 
time from several hours to about 15 minutes. 
By using a 100 grid diamond file , chips smaller than a 
pinhead were removed from the bar . To insure that chips 
representing the bulk were obtained, the surface was always 
filed slightly to reveal a fresh area . A low pmver micro-
scope was used to determine if the chip had at least one 
very thin edge. After selecting a suitable chip , it was 
secured b e tween tweezer tips for easy handling . Tweezers 
with a sliding spring lock simpl ified this operation . 
Etching and rinsing were performed by stirring the desired 
solution with the tweezers while the chip was secured 
between the tips. Table IV gives the various solutions and 
times for etching . After each etching period the chip \vas 
rinsed in distilled v1a t er and dryed with dry freon. The 
chip was then mounted in the sample holder by sandwiching it 
between two 75 mesh grids. Two grids hel~ the chip firmly 
in the holder and improved the heat dissipation from the 
sample to the holder. 
Each sample was scanned to selec t appropriate edge areas 
thin enough for transmission of the beam. Conside1:able care 
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was taken to prevent excessive heating of the glass chip 
by the electron beam. Temperatures sufficient to alter 
the sample being examinGd can be produced by a highly con-
densed electron beam. Seward , (2 l) for instance, used the 
highly condensed beam of an electron microscope to promote 
phase separation in thin borosilicate glass films. The 
34 
importance of keeping the beam as diffuse as possible cannot 
be over emphasized. 
Due to the l arge number of variables involved in the 
operation of any electron microscope it is difficult to 
outline a general method for transnussion studies on glass. 
The following settings were used for a typical examination 
and should serve as a rough guide line for operation of the 
HITACHI Type HU-llA Electron Microscope. 
l. Acceleration Voltage = 100 KV. 
2 . 1st Condenser Lens ·Position "L" . 
3. 2nd Condenser Lens Aperture #1. 
4 . Objective Lens Aperture #4 . 
5. Projector Lens Pole Piece #1. 
6. Intermediate Lens Current = 62 rna. 
7. Projector Lens Current = 120 rna . 
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APPENDI X IV. 
UNCORRECTED INTE&~AL FRICTION CURVES 
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Figure 8. Internal Friction Curve for Glass Heat Treatment Al. 
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Figure 10. Internal Friction Curve for Glass Heat Treatment A~: 
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Figure 13. Internal Friction Curve fo r Glass Heat Treatment A6~ 
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Figure 14. Internal Friction Curve for Glass Heat Treatment B1. 
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Figure 15. Internal Friction Curve for Glass Heat Treatment B2. 
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Figure 16. Internal Friction Curve for Glass Heat Treatmeht Cl. 
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Figure 17. Internal Friction Curve for Glass Heat Treatment C2. 
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Figure 18. Internal Friction Curve for Glass Heat Treatment C3 . 
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